The invertebrate chordate Botrylloides leachii regenerates entire new bodies from small fragments of blood vessels in a process called whole body regeneration (WBR). During the early stages of WBR, proliferation occurs only in small, blood borne cells expressing integrin-alpha-6, pou3 and vasa. Proliferating blood cells can be ablated using Mitomycin 
vessels undergo regression and remodeling (stage 1, Figure 1B ). Blood flow continues and is powered by contractions of the remaining ampullae [5] . During the next several days, the blood vessels continue to remodel and form a dense, contracted network (stage 2, Figure 1B ). Within this dense, highly pigmented vascular tissue, an opaque mass of non-pigmented cells becomes apparent, progressing to form a hollow, blastulalike structure. The vascular epithelium wraps itself around this vesicle, leading to the formation of a distinctly visible double vesicle (stage 3 Figure 1B) . Folding of this vesicle leads to development of the germ layers, and regeneration begins to resemble the developmental stages of palleal buds (stage 4 Figure 1B) . Although multiple double vesicles can initially form, only one will continue to develop into a functional zooid [7] .
The heart begins to beat before the development of other organs is complete (stage 5 Figure 1B ). After about 10-14 days of regeneration, the fully mature body will begin filter feeding.
In this study we aimed to assess whether whole body regeneration (WBR) in Botrylloides leachii is driven by a population of preexisting somatic stem cells. In planarians, a population of proliferating somatic stem cells called neoblasts gives rise to the missing body parts during whole body regeneration [8] . A population of blood borne cells with an undifferentiated appearance termed Hemoblasts are present in all colonial ascidians and have been suggested to play roles in WBR [7] . In Botrylloides violaceus, a species closely related to Botrylloides leachii, 15-20 small hemoblasts that express piwi have been shown to aggregate under the epidermis of a blood vessel during early WBR [9] . In a previous study in B. leachii, Blanchoud et al showed an increase in the population of hemoblasts very early after injury during WBR in B. leachii [5] . During WBR in B.
violaceus, circulating hemoblasts that express piwi appear near the early vesicle stage and occasionally within the epithelium of a vesicle [7] . These results had suggested that blood borne stem cells might play a role in WBR, but to date, it has never been directly tested whether such cells give rise to regenerating tissues.
In colonial ascidians, long lived mobile germline stem cells are present in the blood and give rise to gonads during asexual reproduction. The cells express genes associated with germ cells, such as vasa, piwi and pumilio. We have previously shown that in Botryllus schlosseri, a population of cells enriched for expression of these germline genes can be prospectively isolated based on expression of Integrin-alpha-6 [10] .
Here, we show that during the very early stages of WBR in B. leachii, cell proliferation occurs only in blood borne cells that express Integrin-alpha-6 and the transcription factor pou3. We used IA6 as a marker to purify a population of blood borne cells that is enriched for expression of pou3 and germline multipotency genes such as vasa and piwi, and show that this population is required for regeneration and gives rise to regenerating tissues. We named these cells Primordial Blasts and show that their proliferation during WBR is regulated by Notch and Wnt signaling.
Results:
The majority of proliferating cells during early stages of WBR express Integrin-alpha-6, pou3 and vasa.
To assess whether blood borne stem cells are involved in responding to injury, we analyzed the expression of stem cell markers in proliferating cells during the early time points after surgical separation of blood vessels from the colony.
In Botryllus schlosseri, we had previously identified a population of germline stem cells (GSCs) that expresses integrin-alpha-6 and vasa [10] . While most GSCs are found in germline niches in the developing zooids, a subset of these cells is also found in the circulation. We hypothesize that these pluripotent GSCs may be the source of WBR. To assess whether integrin-alpha-6 positive stem cells proliferate during WBR in B. leachii, we analyzed expression of S-phase-specific histone 3 [11] and integrin-alpha-6 by double fluorescent in situ hybridization (FISH) and found that 89% of all integrin-alpha-6 + cells proliferate in blood vessels from a healthy colony, named stage 0, ( Figure 1C ).
During stage 1, 24 hours after injury, 93% of integrin-alpha-6 + cells are actively proliferating, and the overlap between s-phase specific histone 3 and integrin alpha 6 stays high during stage 2 (92% Figure 1C) . Furthermore, integrin-alpha-6-positive cells make up the majority of proliferating cells during the early stages of WBR, as 95 and 82% of all proliferating cells are integrin-alpha-6-positive in stages 1 and 2 ( Figure 1C ).
During stage 2, some ia6+ cells appear to form small aggregates (arrows), and we hypothesize that these locations may be early regeneration niches. When the formation of the double vesicle begins (stage 3) integrin-alpha-6 + become increasingly quiescent, although 60% still proliferate, and cell proliferation occurs in the regenerating double vesicles (arrow, Figure 1C ) and other ia6-cells. In mammals, Oct4 (Pou5F1) is a transcription factor that is required for pluripotency [4, 12] . Pou class 5 is a vertebrate specific group of pou genes that likely split from pou3 during vertebrate evolution. Therefore, invertebrate pou3 is most similar to vertebrate pou5 [13] . Since vertebrate pou5 genes play roles in pluripotency, it is likely that pou5 inherited this function from an ancestral pou paralog, such as pou3. In the cnidarian Hydractinia echinata, pou3 plays a role in stem cell pluripotency [14] and we hypothesized that pou3 might play a similar role in B. leachii stem cells. We cloned pou3 from B. leachii and the closely related colonial ascidian Botryllus schlosseri and constructed a phylogenetic tree that confirms the close relationship of pou3 to pou5 We isolated Integrin-alpha-6-positive cells by flow cytometry ( Figure S1C ) [15] and performed gene expression analysis by qPCR. Germline pluripotency genes such as vasa, piwi1 and piwi2 and pou3 are highly expressed in IA6+ cells ( Figure 2B ).
Previously, only one piwi gene had been reported in B. leachii [16] , but we found that, like most animals, B. leachii has two piwi genes ( [17, 18] , supplemental file). Using Double FISH, we confirmed that 81% of either ia6-or pou3-positive cells are double positive, while 9 and 10% express only pou3 or ia6, respectively ( Figure 2C ). ( Figure   2C ). The overlap between vasa and pou3 is 87% ( Figure 2C ). Figure 3C ). We found that injection of a single IA6+ cell isolated from the blood of a healthy animal can rescue whole body regeneration in 20% of MMC treated samples ( Figure 3C ). By performing Limiting dilution analysis using ELDA analysis software [19] , we calculated the estimated frequency of IA6+ cells capable of rescuing WBR to be about 1 in 7.55 (upper estimate 4.63, lower estimate 12.3). These results show that IA6+pou3+vasa+ cells are required for WBR, and we named these cells "Primordial Blasts" in accordance with the primordial stem cell hypothesis [20] and because of their potential relationship with the previously described hemoblasts [21] . As expected, cycling cells (G2/M) isolated from the blood of healthy, unmanipulated animals (0h), express high levels of integrin-alpha-6, mitosis-specific cyclin b, pou3 and myc ( Figure 5A ). We also analyzed this cycling cell population for expression of components of the Notch and Wnt signaling pathways. These pathways are known to play roles in regulating stem cell activity, proliferation of blastema cells and cellular differentiation in other organisms [22] [23] [24] [25] [26] [27] [28] [29] and are upregulated during WBR in B. leachii [6] . 
B. leachii suggests that the germline multipotency program is operating in Primordial
Blasts. In tunicates, the germline is generally segregated by preformation early in embryonic development. In colonial ascidians, vasa-positive germline stem cells are blood borne and persist throughout adult life and give rise to gonads during repeated rounds of asexual reproduction. We hypothesize that in some colonial ascidians, the vasa+ stem cell population retains somatic potential that is realized during whole body regeneration. Transplantation of individual IA6+ cells into MMC treated recipient vessels showed that 20% of single IA6+ cells could restore regenerative capacity, with an estimated stem cell frequency of about 1 in 7.5, indicating that some IA6 cells may be pluripotent and able to give rise to all 3 somatic germ layers. Future studies will test whether Primordial Blasts are pluripotent at the single cell level and whether they are able to give rise to both somatic and germline tissues. Like neoblasts [32] , Ia6+pou3+ cells might be highly heterogeneous, with only a subfraction being toti-or pluripotent.
Single cell sequencing will reveal the degree of heterogeneity and the number of subpopulations within the IA6+ population in the future.
The term "Blasts" was chosen because pou3/ia6+ appear to be constantly dividing in healthy animals and because they are part of the undifferentiated "hemoblast" population that has been described historically in colonial ascidians [33] [34] and has been implicated in whole body regeneration [7, 9] . WBR occurs in some but not all species of colonial ascidians [35] , and appears to be closely related to a process of [16] , the nature of piwi+ cells was not explored in detail, and it is not clear which piwi-homolog was detected. In contrast, we show that mRNA for two piwi homologs is expressed in blood borne pou3/ia6+ Primordial Stem Cells in steady state as well as in cycling cells at 24 and 48h of regeneration (Supplemental Figure 8B) . We show that Piwi2 is highly upregulated in cycling G2/M cells at 48h (Supplemental Figure 8B) together with pou3, ia6 and vasa, supporting the idea that the germline multipotency program is operating in pou3+ Primordial Blasts. We show that pou3/ia6+ cells are responsible for WBR and present conclusive evidence that they directly contribute to regenerating tissues during WBR.
We show that proliferation of Primordial Blasts is required for WBR, and that it is controlled by both Notch-and Wnt-signaling pathways. Both of these pathways have been shown to play roles in regulating regeneration and stem cell proliferation in many regenerating species [2] . Wnt/b-catenin signaling is a highly conserved signal transduction pathway with well defined roles in embryonic development. Many studies have uncovered the importance of Wnt signaling in regeneration in various species, from
Cnidarians to planaria to vertebrates [1, 2] . Wnt signaling is involved in regulating regeneration polarity and the formation of organizing centers, but it is also required for blastema formation [27] and stem cell maintenance [26] . Notch regulates blastema cell proliferation during zebrafish fin regeneration, and it mediates cell fate decisions such as proliferation and differentiation in many stem cell types [24] . Notch also regulates blastema formation during distal regeneration in the ascidian Ciona [23] . In a large-scale gene expression study, Zondag et al. showed that Wnt and Notch signaling components are upregulated during early stages of regeneration in B. leachii [6] . Here we show that inhibition of either canonical Wnt or Notch signaling completely abrogates WBR.
Significantly fewer pou3+ cells are found in vessels fragments treated with inhibitors of Wnt or Notch signaling, indicating that these pathways are required for proliferation and possibly maintenance of pou3+ cells.
Future studies will investigate which Notch and Wnt ligands are expressed by the regeneration niche, and how and when these signaling pathways act on the stem cells to regulate proliferation and differentiation. We will assess which pathways induce cell fate decisions such as self-renewal vs differentiation in primordial blasts, and the roles of pou3 and vasa in maintaining pluripotency and self-renewal.
Methods:

Animals
Botrylloides leachii colonies used in this study were collected in Santa Barbara, CA and allowed to attach to glass slides. Colonies were maintained in continuously flowing raw seawater and cleaned with soft brushes every 14 days.
Whole body regeneration
Under a stereo dissection microscope, blood vessel fragments were surgically separated from the rest of the colony using razor blades. Regenerating fragments were kept attached to slides in flowing filtered seawater at 19-23°C. 
Pou-Phylogenetic analysis
Protein sequences used for phylogenetic analysis were downloaded from the NCBI database or determined in this study. POU protein sequences were aligned using the ClustalW algorithm in the MEGA7 application [38] . Phylogenetic analysis of POU family members was performed with the software RAxML using a maximum likelihood method, the JTT substitution matrix, and empirical frequencies [39] . RAxML software was accessed using the CIPRES Science Gateway (Creating the CIPRES science gateway for inference of large phylogenetic trees. In: Proceedings of the gateway computing environments workshop (GCE), New Orleans, LA, USA; 2010. p. 1-8.) and trees were visualized using the Interactive Tree of Life website (Letunic I and Bork P (2006) 
